Dental anomalies are described after analyzing series of skulls and mandibles of three species of South American marsupials: the monito del monte (Dromiciops gliroides), the silky shrew-opossum (Caenolestes fuliginosus) and the Chilean shrew-opossum (Rhyncholestes raphanurus). The anomalies are classified into three categories: (1) supernumerary or missing teeth in normal positions of the dental series, (2) morphological anomalies like teeth fusion or anomalous crown shape, and (3) presence of teeth in unusual positions. Cusp fusion and supernumerary teeth at the end of the toothrow have been observed predominantly in D. gliroides. A tendency to find supernumerary or missing teeth is observed between the procumbent incisors and the second lower premolars in caenolestids. Possible causes for these anomalies and their morphofunctional value are discussed. A comparison with other marsupials is presented and discussed. Isolation of local populations and its effects on genetic drift processes might explain the high percentage of dental anomalies.
INTRODUCTION
Dental anomalies in mammals are relatively infrequent due to the fact that any deformation in tooth shape and cusp arrangement, and missing or supernumerary teeth in the occluding sections of the toothrow, would result in malocclusion and eventually an unviable individual. Apart from the work by Archer (1975) , no attempts have been made to typify and categorize dental anomalies in marsupials, especially with reference to Neotropical species. Only the works of Bensley (1903 Bensley ( , 1906 , Osgood (1921 Osgood ( , 1924 , and González (2000) referred to dental anomalies in South American species. Both Bensley and González mentioned supernumerary teeth in the genus Didelphis (D. marsupialis and D. albiventris, respectively). Bensley (1903) documented a caenolestid with five incisor-type teeth in both mandibles, while Osgood (1921 Osgood ( , 1924 presented information on a single specimen of Caenolestes obscurus (=fuliginosus) with different lower teeth numbers in each mandible (five left? opposite four right?) and a single specimen of Orolestes (= Lestoros) inca, showing a three-rooted tooth which he describes as fused lower canine and first premolar. No information is available for other South American marsupials with more restricted distributions (e.g., Dromiciops gliroides and other caenolestids) or the highly speciose and abundantly sampled didelphids.
The monito del monte (Dromiciops gliroides Thomas, 1894) inhabits the temperate rainforests of southern Chile and Argentina and is the only living species of the Order Microbiotheria (Reig 1955 , Nowak 1999 . Although living in South America, the species is considered more closely related to the Australian marsupial radiation (Szalay 1982 , Westerman et al. 1991 , Springer et al. 1998 , Nilsson et al. 2004 ) or a sister group to all other marsupial lineages, living and extinct (Hershkovitz 1999, and references therein) . Different aspects of this enigmatic species have been covered by several authors, e.g., Szalay (1982 Szalay ( , 1994 on tarsal bone anatomy, Kirsch et al. (1991 Kirsch et al. ( , 1997 on DNA hybridization; Giannini et al. (2004) on postweaning ontogeny, but there are no studies on tooth development.
The common shrew-opossum (Caenolestes fuliginosus Tomes, 1863) and the Chilean shrew-opossum (Rhyncholestes raphanurus Osgood, 1921) are two of the six extant species of the Order Paucituberculata (Albuja & Patterson 1996 , Brown 2004 , a peculiar group of South American marsupials with pseudodiprotodont dentition and a distribution restricted to the humid and cold ecosystems of the Andean cordillera. Scarce information is available about these species due to a highly localized distribution and difficult trapping in their rather inaccessible typical environments. Caenolestes fuliginosus is the type species of the genus Caenolestes, and is distributed along the Andes from northwestern Venezuela through Colombia, Ecuador and northernmost Perú (Brown 2004). It inhabits cloud forests and "páramos" at high elevations, from 2,200 to 4,300 m. (Albuja & Patterson 1996) . Rhyncholestes raphanurus is the southernmost representative of the Order Paucituberculata, living in very humid patches in temperate rainforests of Chile and adjacent Argentina (Patterson & Gallardo 1987 , Patterson et al. 1989 , Birney et al. 1996 , and is one of the South American marsupials with the most isolated and restricted distribution.
In this context the data herein presented adds valuable information on the dental morphology of three species of Neotropical marsupials. The main objectives of this work are twofold. Firstly, I describe the dental anomalies found in each species and categorize them. Secondly, I discuss the importance of these anomalies in light of the distribution and evolutionary history of each species. A comparison with other marsupials is presented and the significance of the anomalies from a functional point of view is discussed.
MATERIAL AND METHODS
Specimens of the caenolestids Caenolestes fuliginosus and Rhyncholestes raphanurus and the microbiotheriid Dromiciops gliroides were examined (Appendix 1).
Dental anomalies were classified into three main categories (modified from Archer 1975): (1) supernumerary or missing teeth in any position, loss not obviously produced by a physical disturbance or accident of the sample, (2) morphological anomalies (e.g., fusion of teeth, variation in crown shape), and (3) presence of teeth in unusual positions. These categories are not exclusive, meaning that a supernumerary tooth could have anomalous crown morphology and be present in an unusual position (e.g., BMNH 1954.297). Supernumerary teeth were defined according to their resemblances to existing teeth, but their crown shape was not considered in the category of morphological anomalies.
Dental homologies follow Luckett & Hong (2000) for caenolestids and Luckett (1993) for D. gliroides. Upper and lower dentitions are designated by a numerical superscript and subscript, respectively. Therefore, the teeth found in adult dentitions of caenolestids are designated as follows: upper and lower incisors, I 1-4 and I 1-3 (from mesial to distal); canines, C 1 and C 1 ; premolars, dP 1-2 and dP 1-2 , and P 3 and P 3 ; molars, M 1-4 and M 1-4 . In D. gliroides the dental homologies are: I 1-5 and I 1-4 for upper and lower incisors; canines, C 1 and C 1 ; premolars, dP 1-2 and dP 1-2 ; P 3 and P 3 ; molars, M 1-4 and M 1-4 . The single functional deciduous tooth in each jaw quadrant, when referenced, is designated dP 3 or dP 3 for the three species analyzed. When both upper and lower teeth are referred to neither subscript nor superscript is used (e.g., dP1). Terminology of cusp patterns follows Goin (2003) , "n" represents number of specimens analyzed.
Comparisons with other marsupials were made when properly documented in the literature (i.e., specimen number and type of anomaly) and the numbers of sample localities for specimens with anomalous and normal dentitions were taken into account.
RESULTS
The percentage of anomalies in the three species varied from 29.6 % (i.e., Rhyncholestes raphanurus) to 8.8 % (i.e., Dromiciops gliroides) ( Table 1 Table 2 .
The number of anomalies in D. gliroides is close to the highest observed for Australian marsupials (i.e., Antechinus flavipes) but the number of specimens analyzed is more than twice as large. D. gliroides presented anomalies in the first two categories (supernumerary or missing teeth and morphological anomalies), representing 8.8 % of the total specimens analyzed (n = 91). Morphological anomalies involving the shape of the crown and/or root number represented 5.4 % (five specimens). Of these, two specimens had peg-like dP 1 (IEEUACH 671 and IEEUACH 681), two had semi fused crowns with two cusps and three roots (IEEUACH 683 with dP 1-2 fused; IEEUACH 687 with dP 1-2 fused [ Fig. 1]) , and one specimen presented an anomalous three rooted P 3 (IEEUACH 687), which had a widened talonid (resembling M 1 ) and a wide and very well developed anterior cingulum. Dental anomalies and their percentage in three species of South American marsupials (Order Microbiotheria and Paucituberculata). Percentages are given in relation to the total number of dental anomalies per species. Sex and number of anomalies per species are in parenthesis; n is the total number of specimens analyzed Anomalías dentarias y su porcentaje respectivo en tres especies de marsupiales sudamericanos (Orden Microbiotheria y Paucituberculata). Los porcentajes se dan en relación al número total de anomalías dentarias por especie. Sexo y número de anomalías por especie entre paréntesis; n es el número total de especímenes analizados The other anomalies found were missing or supernumerary teeth. Specimen IEEUACH 2164 with missing dP 2 , had C 1 and dP 1 displaced backwards towards P 3 , and a diastema between C 1 , dP 1 and P 3 . An extra peglike tooth at the end of the upper toothrow (M? 5 ?) was found in two specimens (IEEUACH 673 and IEEUACH 674) . In comparison, males (n = 6; 12.2 or 14.3 % if the specimen with anomalies is taken separately) had more anomalies than females (n = 1; 2.7 %) and in higher proportions in relation to the number of males (n = 49) and females (n = 37) analyzed. The number of specimens analyzed and the percentage of anomalies found in Caenolestes fuliginosus (Table 2 ) is similar to that of Antechinus flavipes, which is higher than the rest of the Australian marsupials presented by Archer (1975) . Caenolestes fuliginosus presented anomalies in all categories, representing 12.5 % of the total specimens studied (n = 40) (15 % if anomalies are taken individually, but see discussion). Supernumerary teeth were present in two specimens (BMNH 1954.287 [Fig. 2A] and BMNH 1954.297 ) and absent teeth were observed in two additional specimens (BMNH 1954.286 [ Fig (Fig. 3) . Its shape does not allow for a proper classification as incisor, canine or premolar. The other supernumerary tooth (in BMNH 1954.287 ) and both cases of absent teeth (BMNH 1954.286 and BMNH 1934.9.10.2.17) occur between the procumbent incisors and the first identifiable premolar (dP 2 ). Only one specimen (BMNH 1954.295) exhibited morphological anomalies, consisting of a transversely oriented single rooted left dP 2 . Males had almost the same number of anomalies than females (three to two) when compared, but in proportion there were more males (13.6 or 18.2 % if specimen with anomalies is taken separately) with anomalies than females (11.1 %). The high percentage of anomalies found in Rhyncholestes raphanurus (Table 2) , despite the small sample size (n = 27), is the highest of all specimens analyzed and any other marsupial presented here or found in the literature. Rhyncholestes (BMNH 1954.287 and BMNH 1954.286, respectively) .
Fig. 2: Supernumerary (A) and missing (B) teeth in Caenolestes fuliginosus
Dientes supernumerarios (A) y faltantes (B) en Caenolestes fuliginosus (BMNH 1954 .287 y BMNH 1954 .
raphanurus showed anomalies in the first two categories, representing 22.2 % of the specimens (n = 27) ( Table 1) . Supernumerary teeth were present in two specimens (IEEUACH 948 [Fig. 4] and IEEUACH 2244) and missing teeth were found in four additional specimens. The supernumerary teeth could represent either I x , C 1 or dP 1 (see discussion below). The absence of teeth was all found in different specimens and in different tooth positions, attributed to the following missing teeth: I 4 (IEEUACH 2250), C 1 (IEEUACH 2245), M 4 (IEEUACH 3998), P 3 (IEEUACH 4000). The morphological anomalies found in this species comprise the presence of peg-like single rooted M 4 in two specimens (IEEUACH 949 and IEEUACH 4522) . In contrast, males (n = 5) had more anomalies than females (n = 3), but because more males than females were in the sample the proportion of females with anomalies was higher than males (37.5 opposite 29.6 %). When compared to other marsupials, a high proportion of dental anomalies in D. gliroides (8.8 % from 15 localities), C. fuliginosus (13.6 % from four localities) and R. raphanurus (29.3 % from seven localities) were found (Table 2) , with no direct relation to the number of sample localities. In comparison to small didelphids, the difference is remarkable: no dental anomalies were found in large samples of Thylamys pallidor (n = 110, from 22 localities), Thylamys venustus (including T. cinderella and T. sponsorius) (n = 253, from 25 localities) and Lestodelphys halli (n > 300, from 10 localities) (Table 2) .
DISCUSSION
The percentage of anomalies found in the three species of marsupials presented is surprisingly high in comparison to other mammals (Bensley 1903 , 1906 , Hall 1928 , Hooper 1946 , Dolgov & Rossolimo 1964 , Archer 1975 , González 2000 , Azorit et al. 2002 . In several studies of eutherian dental series, including insectivores, carnivores, and ungulates, percentages of anomalies only reach values of 0.01 % in Sorex (Hooper 1946), < 1 % in Ursus (Hall 1928), 1.85 % in Canis lupus (Dolgov & Rossolimo 1964) and 75 ‰ in Cervus elaphus hispanicus (Azorit molariform crown (personal observation). The three species studied here have anomalies within particular characteristics. In D. gliroides the anomalies were found predominantly in premolars and molars, without any deviation from the normal condition in the incisor and canine tooth positions. In C. fuliginosus and R. raphanurus the tendency is to present supernumerary or missing teeth between the procumbent I 1 and dP 2 .
In D. gliroides morphological anomalies were predominant at the premolar region; supernumary teeth were present posterior to M 4 . The fusion of teeth in both upper and lower quadrants occurred between the first two premolars and apparently includes the dentine and pulp chambers, forming a two crowned/ three rooted tooth, probably involving epithelial and mesenchymal germ layers. Reasons for tooth fusion are still not clear, but might include physical forces producing close contact between developing teeth and certain genetic predisposition (Nunes et al. 2002) . Although the number of specimens with these anomalies is low (only two), this observation agrees with the developmental pattern of didelphids, caenolestids, and dasyurids (Luckett 1993 , Luckett & Woolley 1996 , Vidigal & Patton 1996 , Luckett & Hong 2000 , Martin 2005 , Van Nievelt & Smith 2005 , where both dP1 and dP2 erupt almost simultaneously but later than dP3, as described for Monodelphis domestica (Van Nievelt & Smith 2005) . The later replacement and eruption of the third premolar (the only one replaced in the marsupial dentition) makes it improbable for this tooth to fuse more than superficially with the second premolar (dP2). Bensley (1906) and González (2000) , because a comparison could be made between total numbers of specimens examined and specimens with or without anomalies. A very small percentage of anomalies were found in didelphid marsupials (with a maximum of < 1.3 % in Didelphis marsupialis), despite the many specimens analyzed ( Table 2 ). The case of Lestodelphys halli is interesting because no anomaly was found in more than 300 specimens, coming from several localities throughout its range but mainly concentrated in west central Patagonia (see Martin 2003 Martin , 2005 Kirkpatrick 1969) . Another alternative explanation could be that this extra tooth is formed by a splitting of the last molar's dental lamina during tooth development, thus giving place to M4 (which has two roots) and a peg-like M5 (while the dental lamina is still active). Unfortunately, answers to this can only be hypothesized until specimens with anomalies are sectioned. Only one specimen of D. gliroides exhibited two anomalies simultaneously (IEEUACH 687). In this case, the presence of fused dP 1-2 augmented the space between C 1 and M 1 , thus C 1 appears slightly displaced backwards and P 3 has moved mesially and presents anomalous crown morphology (see above).
In caenolestids the presence of supernumerary or missing teeth between the procumbent I 1 and dP 2 has been documented previously on a few occasions. Bublitz (1987) mentioned that dP 1 s might be occasionally absent in Caenolestes (= Lestoros) inca, but he did not provide percentages or specimen numbers. Additional teeth in caenolestids have been documented only by Bensley (1903) and Osgood (1921) , the former author illustrating a specimen with an additional tooth bilaterally and the latter a specimen bearing an additional tooth on the right dentary (FMNH 18603 as illustrated by Luckett & Hong 2000) . In both C. fuliginosus and R. raphanurus these anomalies were found in only one of the mandibles, and not on both sides. To establish the identity of these supernumerary or missing teeth is not possible (unless specimens showing anomalies are sectioned) due to the almost identical shape of I 2-3 , C 1 and dP 1 crowns ( Fig. 2A and 2B) . In both species all these teeth are single rooted and the crown is very similar, with the exception of unworn dP 1 's in R. raphanurus, where a slightly developed talonid is present (e.g., IEEUACH 948 and IEEUACH 3578). Other anomalies observed in C. fuliginosus include an anomalous dP 2 and a supernumerary tooth in an unusual position. Specimen BMNH 1954.295 has a left single rooted dP 2 and buccolingually oriented crown, compressed mesiodistally. The reasons for abnormally shaped teeth like this one are not clear (Archer 1975) , which could occur due to developing factors related to disturbance during tooth initiation. Because of its small size and position, dP 2 has no negative direct consequence in occlusion. The other anomaly observed (BMNH 1954.297 ) is a supernumerary fully erupted tooth lingual to I 2-3 , anterolabial to the incisive fenestra (Fig. 3) . The shape of this tooth is unusual because it doesn't match any other tooth in the maxilla or mandible. Like the incisors it is single-rooted but the crown is pointed and laterally compressed, not chisel-like as the other incisors of the species. The occurrence of a supernumerary tooth in such a position is very rare because it contributes nothing to occlusion. Missing teeth in R. raphanurus were found in different positions: I 4 , C 1 , P 3 (which seems to be broken) and M 4 . In IEEUACH 2250 (missing I 4 ) C 1 is displaced mesially, increasing the distance (diastema) to dP 1 , which also appears slightly displaced mesially from dP 2 . This is also the case in specimen IEEUACH 2245 (missing C 1 ) which shows a slight distal displacement of I 4 . No modifications in teeth position were found in specimens with missing P 3 and M 4 (IEEUACH 4000 and IEEUACH 3998, respectively). Morphological anomalies in R. raphanurus were found in the size and shape of M 4 . This tooth is small in all caenolestids, but preserves the trigonid-talonid structure with certain modifications, i.e., shortening in the antero-posterior axis, lowering of cusps and crests (personal observation). In two specimens (IEEUACH 949 and IEEUACH 4522) M 4 is a single-rooted peg-like tooth, lacking a talonid.
Though the total number of specimens with anomalies is similar, there is a difference in occurrence and position of the anomalies in each species. Also, they appear to have very limited (or none at all) functional value in the three species analyzed. In D. gliroides, supernumerary teeth at the end of the tooth row do not occlude with lower counterparts, and thus are meaningless for chewing (personal observation). The fusion of the first two premolars could have some incidence depending on the type of food being consumed. Analysis of a captive specimen and its feeding and masticatory behavior with different food items has shown two main patterns: 1) the use of incisors when consuming moderately hard fruits (i.e., apples), scrapping the surface and swallowing the materials; and 2) the use of molars (and eventually premolars) to crush harder items (personal observation). Both patterns indicate a smaller usage of upper and lower premolars during food processing, mainly holding the food items that would eventually be passed backwards. The small and incisiform canines do not seem to add pressure in the antero-middle area of the mandible and maxilla, but in both cases in which dP1-2 were fused C1 was distally and P3 messially displaced, to fill the gap from unoccupied space. In both C. fuliginosus and R. raphanurus, there is no occlusion between the upper incisors, canine, and first two premolars in the maxillae with the teeth in the mandible. Only the procumbent lower incisors seem to complete the lingual side of upper counterparts acting as a shovel against a fixed unmovable surface (personal observation). Upper canines probably puncture the food items the animal is holding between its jaws (as described for the incisors by Kirsch & Waller 1979 ) and the crushing still occurs in the P3-M3 section of the toothrow. In any case, a supernumerary or missing tooth between the procumbent lower incisors and P 2-3 would have little influence in the animal's "holding-of-the-prey" capacity. The same happens with the modification of M 4 's crown pattern. On the other hand, a modification in the upper dentition (missing of I 4 , C 1 , or any upper premolar) would certainly influence that "holding" capacity. This is evident in the rearrangement of the remaining teeth (e.g., IEEUACH 2245) when C 1 is missing, with I 4 and dP 1 closing the gap left by C 1 , as described above for D. gliroides (personal observation). The number of anomalies found in R. raphanurus is high, and has not been documented for any other species of mammal so far. In D. gliroides, the cases described here are in the proportional range of Australian dasyurids, but resemble the anomalies found in macropodi/yds.
Of the three species studied here, D. gliroides shows the smallest percentage of anomalies in specimens coming from ~ 15 localities (see Appendix 1). On the other hand, specimens of C. fuliginosus and R. raphanurus come from no more than seven localities throughout the species' range and have higher percentages of anomalies (Table 1 ). The distribution of C. fuliginosus and R. raphanurus, although different in extension and general environments, shows some similarities. C. fuliginosus inhabits highly insularized environments (i.e., the "páramos" and cloud forests at the highest portions of the northern Andes, at about 4,000 m of altitude) and R. raphanurus shows an isolated distribution inside patches of temperate rainforest (Patterson & Gallardo 1987, M. Gallardo personal communication) . Therefore, the distribution of these two species (in total area) is different from that of D. gliroides, most didelphids presented herein, and most Australian marsupials described by Archer (1975) , all of which inhabit larger lessinsularized areas.
The temperate rainforests where both D. gliroides and R. raphanurus inhabit have experienced drastic modifications during the last million years, with fluctuations due to major glacial activity (Markgraf et al. 1996 , Armesto et al. 1997 ) and anthropogenic disturbances (Veblen et al. 1996 , Lara et al. 1997 . Also, the habitat of C. fuliginosus has been subject to several disturbances from moderate glacial action to volcanic eruptions affecting different areas and at different scales throughout the geological history of the Andes (Parsons 1985) . Therefore, a long history of isolation, perturbation and ongoing habitat reduction experienced during geological and recent times might be influencing the population dynamics of the three species described herein. Geographical isolation has been proposed as the cause for increased homozygosity of individuals by inbreeding, loss of allelic variation caused by random genetic drift and many other genetic effects that can affect populations, especially at small sizes. As shown above and in Appendix 1, specimens analyzed here come from a limited number of localities, especially C. fuliginosus and R. raphanurus. Conditions of inbreeding (or limited gene flow) between specimens of the sampled populations cannot be ruled out as the reason for some of the dental anomalies described herein. If this is the case then why doesn't D. gliroides present the high number of anomalies that occur in caenolestids? Possible explanations can be related to the evolutionary history of each species, their ecology, and the distribution of each species in their particular habitats. Recent work by Nilsson et al. (2004) shows different times of divergence (and hence different evolution times) for the clades that include Dromiciops on one side, and Caenolestes and Rhyncholestes on the other, with a difference of at least 10 million years between each lineage. The influence of this longer evolutionary history, together with different ecological requirements and environmental pressure might be responsible for the anomalies presented herein. Unfortunately, this can only be proposed as a mere hypothesis until more studies are made.
The phylogenetic significance (if any) of these anomalies should be taken carefully. Archer (1975) argued that most dental anomalies lack phylogenetic significance but mentions that others might be significant (not stating which). On the other hand, Hall (1928) interpreted the finding of supernumerary teeth in bears as atavisms. The information presented here does not support the idea of dental anomalies (e.g., missing teeth, cusp fusion) as cases of atavism, except maybe supernumerary teeth in caenolestids (but see below). Most of the anomalies discussed here lack any morphofunctional value and appear not related to any developmental pattern. In the cases described here for C. fuliginosus, R. raphanurus and D. gliroides, dental anomalies that do not interfere with the mastication process are not excluded (eliminated) from the population because there is a lack of pressure to do so. Therefore, stochastic events related to population dynamics (as genetic drift) might have an influence on which of the anomalies are commonly present and which are not. On the other hand, the presence of supernumerary teeth in the anterior region of the mandible of caenolestids (except the case of specimen BMNH 1954.297) can be discussed from a different perspective, either as an atavism or a vestige as described by Peterkova et al. (2006) . If the ancestral mammalian lower incisor formula is accepted to be four (as proposed by Turnbull (1971) and Luckett (1993) , to name just a couple) then the presence of an extra tooth between the procumbent incisors and the canine could be considered the "missing" or "lost" I 4 (lost during the evolution of the group). Ziegler (1971) stated: "fossil records document that the evolutionary disappearance of a tooth is preceded by its progressive reduction in size and simplification in shape". If this is true, we should find a presence/ absence pattern and crown simplification in fossil caenolestids until the tooth is finally lost. The extension (elongation) of the anterior region of the mandible in recent caenolestids and the lack of direct pressure in the mastication process (see above) could derive in a relaxation in that area of the mandible, where more space would be available between teeth. This reduced pressure could have a direct effect on the dental lamina allowing for lost teeth to "re-appear". The presence of supernumerary teeth in extant caenolestids could then be considered atavisms and the dental formula of four upper/lower incisors. This hypothesis has major evolutionary consequences because it implies that the first pair of incisors in caenolestids (the procumbent ones) are the true first incisors (I 1 ) and not the second pair, and therefore homologous to the first upper ones. Unfortunately, until fresh sectioned specimens are available, the validity of a statement like this one can only be presented as hypothetical.
In sum, this contribution adds to a better knowledge of the dental morphology in a remarkable set of South American marsupials, one species (Dromiciops gliroides) because of its ties to the Australian radiation, and the other two because they represent a very old lineage exclusive (?) to South America. The work presented here leaves open lines for future investigation in relation to the species distribution/isolation and genetic drift processes. Also, further studies in these species should concentrate on the influence of teeth and their functional adaptations (in relation to feeding strategies and food consumption), and collecting specimens for sectioning techniques that could add valuable information on tooth formation and tooth homologies, especially in the case of caenolestids where the issue hasn't been solved yet. 
